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Numerical simulations based on the time dependent backward implicit method are used to develop the theory
of anodic stripping voltammetry carried out under hydrodynamic conditions using mercury thin film wall-jet
electrodes. The peak shape is shown to be highly sensitive both to electrolyte flow rate and to the potential
sweep rate. The simulations permit visualization of concentrations both in solution and in the film throughout
the voltammetric potential sweep. They reveal the film to be stripped in a spatially nonuniform fashion with
the flow inducing the center of the electrode to be depleted before, and at less positive potentials than, the
radial extremities of the electrode. Moreover for electrochemically reversible systems with flow and sweep
rate parameters similar to those employed in analytical practice it is seen that material oxidized from the
electrode center can become redeposited at radial distances closer to the electrode edge where the diffusion
layer is thicker, before being re-oxidized later on in the potential sweep at more positive potentials.
Introduction
Anodic stripping voltammetry (ASV) is, by virtue of its
sensitivity and selectivity, an attractive approach to the analytical
determination of a wide range of trace metals.1,2 The first stage
in the procedure involves the accumulation and hence precon-
centration of the target metals by electroreduction of the
corresponding ions from aqueous solution usually at mercury
electrodes so as to generate an amalgam. The second stage,
the stripping step, is informative and is most simply conducted
using a potential sweep so that the material deposited in the
accumulation step undergoes electrooxidation. The magnitude
of the associated Faradaic current may then be related to the
amount of material deposited, permitting quantitative determi-
nation of the target. While both the deposition and stripping
steps are readily undertaken in quiescent solution, there can be
advantages in terms of sensitivity and reproducibility to adopt
conditions in which the transport to the electrode is dominated
by convection rather than diffusion.2-11 Moreover for many
applications it is important that the electrode is located within
a flow system to permit continuous monitoring and to enhance
the speed of the analysis. ASV has been conducted successfully
at mercury film electrodes in both the wall-jet5-9 and channel
electrode10,11 geometries. Accordingly, the question arises as
to whether the introduction of convection as a dominating
contribution to the transport leads to any significant changes in
the associated voltammetric theory.
The theory of ASV at hydrodynamic electrodes has hitherto
been little developed. The work of Roe and Toni,12 of Brett
and Oliveira Brett,13 and of Schiewe14 employed the Nernst
diffusion layer model to establish an approximate expression
for the time (t) dependence of the stripping current, I, due to
the oxidation induced by a positive potential sweep from an
initial potential of Ei at a scan rate, V/V s-1. In particular
where ó ) (nF/RT)V, l is the mercury film thickness, [Red]film
is the concentration of metal in the mercury film, and A is the
electrode area. The dimensionless function Z(ót) has a maxi-
mum value of 0.3679 at the peak potential12 and has been
tabulated.13
The diffusion layer theory predicts that for convective
conditions, in comparison with stationary solution, the ASV peak
becomes sharper, asymmetric in shape and shifted from the
formal potential, E°′, by an amount
whereas under zero convection conditions15
In these equations Dox is the diffusion coefficient of the metal
ion in aqueous solution and ä is the diffusion layer thickness
assumed to be uniform across the electrode area.
The derivation of eqs 1-5 makes three key assumptions.12,13
The first is that diffusion within the mercury film can be
neglected. Given the high magnitude of the reported values16
of the diffusion coefficient for various metals in mercury
combined with the thin layers of mercury (generally < 1 ím)
typically employed experimentally,1,2 this assumption is thought
to be a very good approximation.12 Second the derivations adoptX Abstract published in AdVance ACS Abstracts, December 1, 1997.
Redfilm - ne
- h Ox(aq)
I ) Z(ót)nFAól[Red]film (1)
Epeak - E°′ ) (RT/nF) log{äló/Dox} (2)
Ipeak ) 0.2975nFAól[Red]film (3)
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the diffusion layer theory,12,13 which requires that the flux of
Ox leaving the electrode surface is matched exactly by transport
across a linear concentration gradient instantaneously established
across the full diffusion layer thickness. In a previous paper17
we have brought simulation methods to bear on the hydro-
dynamic ASV problem for the first time and have shown that
for sufficiently high potential scan rates or thick diffusion layers
this approximation is invalid and that the conditions under which
the breakdown occurs are not uncommon in experimental
practice. The third assumption is that the electrode is uniformly
accessible such as is found for rotating disk or microhemisphere
electrodes. However, as noted above, much ASV is usefully
conducted under flowing conditions where the current density
will, as a result of the influx of fresh electroactive material, be
greater at the upstream edge of the electrode than at the
downstream edge. In the context of the specific case of channel
electrodes we have simulated the ASV behavior18 and shown
that the effect of the flow is, in the case of electrochemically
reversible Red/Ox systems, to induce spatially differential
stripping of the film so that Red is oxidized out of the upstream
part of the film at lower potentials than are required in the
downstream part of the film. However since the diffusion layer
in a channel electrode varies only as the cube root of the axial
distance along the channel, the resulting effect as revealed in
the voltammetry is rather weak.
The purpose of the present paper is to explore the effect of
flow on ASV in the context of an electrode with grossly
nonuniform accessibility, namely the wall-jet electrode. This
is a well-characterized hydrodynamic electrode in which the
flow is due to a (submerged) fluid jet which strikes a planar
disk electrode at right angles and spreads out radially over that
surface, the fluid outside the jet being at rest.19 The mass
transport experienced by the electrode is dependent on its size
relative to the impinging jet. The term “wall-jet”19-24 as
opposed to “wall-tube”25 corresponds to the case where the
electrode is substantially larger than the jet. Such electrodes
have diffusion layer thicknesses which increase as the (5/4)th
power of the radius and for which effects of convection may
be expected to be correspondingly amplified.
Theory
We consider the ASV stripping peak arising from the
electrode reaction
in which the electrode potential is swept in a positive direction
starting from an initial (t ) 0) potential Ei:
If the electrode process is electrochemically reversible, then the
Nernst equation applies to the concentrations of Ox and Red at
the electrode surface.
The initial concentrations [Red]film,t)0 and [Ox](aq),t)0 will also
obey eq 8.
But usually Ei is chosen to be adequately negative of E°′ that
[Ox](aq),t)0  0. The concentration of Ox in bulk solution is
assumed to be maintained at the low value [Ox](aq),t)0 throughout
the potential sweep; this ensures that zero current flows at the
starting potential in the simulations reported below.
If the mercury film is sufficiently thin that transport through-
out its depth, l, is so fast that [Red]film is always uniform, then
where z is the Cartesian coordinate normal to the electrode
surface defined in Figure 1.
The transport of Ox in solution will be controlled by
combined diffusion and convection in the wall-jet flow cell:26
where Vr is the radial solution velocity (r direction) and Vz is
the velocity in the direction normal to the electrode surface (z
direction). Expressions for Vr and Vz for wall-jet flow have been
derived.27 Note that in writing eq 8 radial diffusion has been
neglected; the basis of this approximation is developed in ref
27. We also assume the presence of sufficient supporting
electrolyte that migration effects are negligible.
Equations 7 and 8, together with the boundary conditions,
eqs 4-6 are readily solved using the time dependent backward
implicit method28 essentially in the form established for linear
sweep voltammetric problems in the wall-jet geometry.29
However this simulation cannot be carried out in normal
Cartesian space due to the gross nonuniformity of the electrode.
The z-coordinate must be transformed accordingly; otherwise
the number of points required to simulate the full (r,z) space is
prohibitively large. The chosen transformation is such that the
transformed coordinate, Ł, expands across the diffusion layer
such that
where ø is the kinematic viscosity, a is the nozzle diameter, Vf
is the volume flow rate, and ke is an experimental parameter
approximating to 0.9.22
The maximum value of Ł simulated was chosen to be 0.4
corresponding to the full diffusion layer.26 Moreover since
radial diffusion effects are neglected, simulations need only be
constrained to the range
where re is the disk radius. The (r,Ł) space of interest is filled
by a simulation mesh of spacings,
Redfilm - ne
- h Ox(aq)
E ) Ei + Vt (t > 0) (4)
[Red]film/[Ox](aq) ) exp{(-nF/RT)(E - E°′)} (5)
[Red]film,t)0/[Ox](aq),t)0 ) exp{(-nF/RT)(Ei - E°′)} (6)
Figure 1. Flow pattern at a wall-jet electrode.
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Ł ) Az/r5/4 where
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The notation [Ox]j,k is adopted to signify the concentration
of Ox at the point r ) k¢r and Ł ) j¢Ł; likewise [Red]0,k gives
the Red concentration in the film electrode at the radial point r
) k¢r. In both cases a superscript t indicates a time t¢t after
the start of the anodic potential sweep, where ¢t is a chosen
time increment. The resulting finite difference equations
obtained after transformation into finite difference form are
with the surface boundary condition transforming to
where
and
The other boundary conditions for the ASV problem are
2-fold. First, at j ) J bulk solution is attained such that
Second, at k ) 0, corresponding to the center of the electrode,
fresh solution is flowing into the cell such that
The equations can be combined into a single matrix equation,
which is solved as described elsewhere.18,26
All programs were written in FORTRAN 77 and executed
on a Silicon graphics workstation. The parameters J, K, and
¢t, which control the spatial and temporal nodal spacing of the
simulation points, were adjusted for convergence in the current
to within 1%; typical values were J ) 1000, K ) 100 and ¢t
) 10-3 s.
Results and Discussions
Simulations were conducted with the following parameters
unless otherwise stated: E°′ ) -0.5 V, Ei ) -1.0V, DOx )
10-5 cm2 s-1, l ) 0.1 ím, re ) 0.2 cm, Vf ) 10-2 cm3 s-1, a
) 0.0345 cm, V ) 0.0089 cm2 s-1 (corresponding to water at
25 °C),29 ke ) 0.9,5,21,22 [Red]film,t)0 ) 1 M, and n ) 2. These
values approximate to those used in analytical practice.
Stripping voltammograms were simulated for a range of
potential scan rates. Qualitatively similar effects were observed
as noted for channel electrodes;18 at fast scan rates the peaks
become less asymmetric and more closely resemble those that
would be found in stationary solution.11 Comparisons of the
simulations with reported experimental data5-9 support the
veracity of the calculations and encourages their use for
interpreting analytical data. However the main purpose of this
paper is to explore the effect of the gross nonuniform acces-
sibility of the wall-jet electrode especially in the context of
spatially differential stripping. It is to this aspect we turn next.
Simulations were carried out at a potential scan rate of 100
mV s-1 and the parameters given above. Under these condi-
tions, as is evident from Figure 2, the peak is symmetric as the
potential scan rate is sufficient to “outrun” the effect of
convection. To visualize the concentration of Red and its radial
distribution within the film, the simulation data were converted
into a sequence of three-dimensional images of the form shown
in Figure 3.
A cartoon of the evolution of the Red concentration is shown
in Figure 4, where the circular disk represents the whole
electrode and the height of a point above that surface is directly
proportional to the concentration of Red. Each image corre-
sponds to a separate potential on the scan. At potentials near
-0.56 and -0.570 V it is apparent that the middle of the disk
is significantly depleted of Red while the electrode periphery
is relatively unstripped! Thus the anticipated spatially dif-
ferential stripping is a major feature of ASV at a wall-jet
electrode and hitherto unappreciated. For clarity a two-
dimensional concentration profile of the Red distribution at
-0.55 V is shown in Figure 5. It is clear that the Red
concentration at the center of the disk is markedly less than at
the edge of the electrode.
Careful perusal of Figure 4 reveals, for potentials near -0.55
V, a “ridge” around the “hole” of concentration depleted at the
disk center. The feature is confirmed by the two-dimensional
plot in Figure 5, which clearly shows a buildup of material on
the unstripped part of the electrode. It must be concluded that
material which has been oxidized out of the mercury film
becomes redeposited at greater radial distances from where it
was lost. This remarkable result arises as a result of the
presumed electrochemical reversibility of the redox couple and
the extreme nonuniformity of the diffusion layer. Near the
electrode center the latter becomes very thin and “promotes”
the loss of Red by ready transport of Ox away from the surface.
This material is transported away radially by the flow. On the
outer parts of the disk the thick diffusion layer is much less
(-ìkŁ - ìj,kVz )[Ox]j-1,kt + (ìj,kVr + 2ìkŁ + 1)[Ox]j,kt +
(ìj,kVz - ìkŁ)[Ox]j+1,kt ) [Ox]j,kt-1 + ìj,kVr [Ox]j,k-1t (10)
(exp(- nFRTE - E°′) + k)[Ox]0,kt - k[Ox]1,kt ) [Red]0,kt-1
(11)
k )
DOx¢t
l¢Ł
A
r
5/4; ìk
Ł )
DOx¢t
(¢Ł)2 ( Ar5/4)2 (12)
ìj,k
Vr )
Vr¢t
¢r
; ìj,k
Vz ) ¢t2¢Ł(Vz Ar5/4 - Vr 5Ł4r) (13)
[Ox]j,kt ) [Ox]bulk ) [Ox](aq),t)0
[Ox]j,0t ) [Ox]bulk
Figure 2. Simulated anodic stripping voltammogram for a wall-jet
electrode possessing the parameters given in the text and for a scan
rate of 100 mV s-1.
Figure 3. Coordinate system used in Figure 4.
164 J. Phys. Chem. B, Vol. 102, No. 1, 1998 Ball et al.
efficient at removing Ox so that the equilibrium
becomes shifted back in favor of Red.
To explore further the redeposition effect, we plot the
concentration profiles of Ox in solution as a function of potential
using (Ł,r) space. Figure 6 shows this evolution; a buildup of
Ox during the anodic sweep is apparent. In addition the released
Ox can be seen to be progressively swept toward the edge of
the electrode as a result of the convective flow. The point of
maximum redeposition of Red was found to correlate with the
maximum in the Ox concentration profile so that it occurred
slightly “upstream” of the latter. This observation supports the
explanations offered above for the presence of redeposited Red
in the film.
Conclusions
The simulation of ASV at a wall-jet electrode has been
successfully and quantitatively understood. The anticipated
effect of electrode nonuniformity is shown first in the enhanced
differential stripping of Red and second in the redeposition of
this species resulting from the buildup of Ox in solution which
is increasingly inefficiently removed by convection at larger
radial distances. Note that throughout this paper we have
Figure 4. Red concentration profiles over the film electrode throughout a stripping peak at a wall-jet electrode for a scan rate of 100 mV s-1 and
a flow rate of 10-2 cm3 s-1.
Figure 5. Concentration profile within the mercury film electrode along
the radius, r, for the data shown in Figure 4 at a voltage of -0.55 V.
Figure 6. Three-dimensional concentration profiles of Ox in solution plotted in (Ł,r) space for a scan rate of 100 mV s-1 and a flow rate of 10-2
cm3 s-1.
Red(Hg) - ne
- h Ox(diffusion layer)98
mass transport Oxbulk
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assumed that the Red/Ox couple is reversible; the requirement
for sufficiently high electrode kinetics for this assumption to
be met in hydrodynamic systems is addressed elsewhere.31
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